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[1] We have calculated the densities of positive ions and negative ions in the ionosphere
of Mars at solar zenith angle 106� between height interval 0 km and 220 km.
This model couples ion-neutral, electron neutral, dissociation of positive and negative
ions, electron detachment, ion-ion, ion-electron recombination processes through 117
chemical reactions. Of the 34 ions considered in the model, the chemistry of 17 major ions
(O2

+, NO+, CO2
+, H3O

+H2O, H3O
+(H2O)2, H3O

+(H2O)3, H3O
+(H2O)4, O2

+CO2, H3O
+,

CO4
�, CO3

�, CO3
�H2O, CO3

� (H2O)2, NO2
�H2O, NO2

� (H2O)2, NO3
�H2O, and NO3

�

(H2O)2) are discussed in this paper. At altitude below 70 km, the electron density is mainly
controlled by hydrated hydronium ions and water clusters of NO2

� and CO3
�.

The ions O2
+ and NO+ dominate above this altitude. This calculation suggests that the

ionosphere of Mars contains F and D peaks at altitude �130 km and �30 km due to
precipitation of solar wind electron and galactic cosmic rays respectively. F peak is
mainly produced by O2

+ after heavy loss of CO2
+ with atomic oxygen. D peak occurs due to

high efficiency of electron attachment to Ox molecules, which entails that
concentration of negative ions is higher than that of electron below 30 km.
These results are compared with radio measurements made by Mars 4 and
Mars 5 in the nighttime ionosphere.
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1. Introduction

[2] The ionosphere of Mars has been observed by radio
occultation experiment during the encounters of Mariner 4
[Kliore et al., 1965], Mariner 6, 7 [Fjeldbo et al., 1970],
Mars 2 [Kolosov et al., 1976], Mariner 9 [Kliore et al.,
1972], Mars 4, 5 and 6 [Vasiliev et al., 1975], Viking 1/2
[Fjeldbo et al., 1977] and Mars Global Surveyor [Hinson et
al., 1999]. Unfortunately only five electron density profiles
are available in the night side ionosphere of Mars from these
observations. Among them two profiles were observed at
latitude �37�–38�N from Mars 4 and Mars 5 above the
Martian surface on 10 and 18 February 1974 respectively at
solar zenith angle �106� [Savich and Samovol, 1976].
These observations represent that nighttime ionosphere of
Mars contains three peaks at altitude range �30–35 km,
�110–130 km and �180–200 km, which are produced by
different physical processes. However, other data obtained
from these measurements suggest that sometimes these

peaks were not visible. There have been no measurements
for ion compositions in the lower ionosphere of Mars.
[3] Recently, Seth et al. [2002] and Haider et al. [2002]

have reported that Martian magnetic field near the termina-
tor changes its direction from horizontal to vertical, which
allows for ionospheric loss above 100 km due to solar wind
electron precipitation in the night hemisphere. Molina-
Cuberos et al. [2002] have calculated nighttime electron
density below 100 km due to precipitation of galactic
cosmic rays. These papers have generated new interest on
this topic. In the present paper, we have used these two
sources of ionization in ion-neutral model to calculate the
concentrations of positive ions, negative ions and electron
in the nighttime Martian ionosphere between altitude 0 km
and 220 km. This model couples ion-neutral, electron
neutral, dissociation of positive and negative ions, electron
detachment, ion-ion, ion-electron recombination process
through 117 chemical reactions. It is found that the night-
time ionosphere of Mars can be divided into D and F
regions by analogy to Earth’s ionosphere. The D peak is
formed at altitude �30 km with the electron concentration
100 cm�3 due to absorption of galactic cosmic rays in the
energy range 1–1000 GeV. The F peak is formed at altitude
range �125–135 km with the total ion concentration 5.2 �
103 cm�3 due to precipitation of solar wind electron in the
energy range 1–1000 eV. In the chemistry of positive ions,
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hydrated hydronium ions, H3O
+(H2O)n for n = 1, 2, 3 and 4

are dominated below 60 km, while NO+ and O2
+ are major

ions above this altitude. In the chemistry of negative ions,
water clusters, NO2

� (H2O)n and CO3
� (H2O)n for n = 1 and

2 are dominant ions below 40 km. Above this altitude
electron plays an important role in the Martian ionosphere.
The calculated values and positions of F and D peaks are in
reasonable agreement with the occultation measurements
made by Mars 4 and 5.

2. Input Data and Calculation

[4] Our previous paper represents the model calculation
of electron densities above 100 km due to precipitation of
solar wind electron in the nighttime ionosphere of Mars
[Haider et al., 2002]. This model is extended now to
calculate densities of positive ions, negative ions and
electron between altitude 0 km and 220 km at interval
0.1 km due to precipitation of solar wind electron and
galactic cosmic rays simultaneously. The high energy cos-
mic rays are propagated through the Martian atmosphere
producing nucleonic cascades. The impact of primary
cosmic rays onto the atmospheric gases produces protons,
neutrons, and pions. Neutral pions quickly decay to gamma
rays, and their contribution to the energy deposition is very
important in the lower part of the atmosphere. Near meso-
sphere the maximum ion production rates are controlled by
protons. The charged pions decay to muons, which do not
decay before reaching the ground and the muon energy is
transferred to the surface. The flux of incident cosmic rays
is exponentially attenuated and is calculated between values
103 to 10�5 particles m�2 s�1 GeV�1 Ster�1 at energy
interval 1 to 1000 GeV [O’Brien et al., 1996]. The solar
wind electron flux has been measured by Mars Global
Surveyor at 340 km near solar zenith angle 106� [Haider
et al., 2002]. The value of this flux decreases from 107 to
102 particles cm�2 s�1 eV�1 ster�1 between energy 1 eV
and 1000 eV. We have used these fluxes in the calculation of
ion production rates and electron densities. The energy loss
method for the calculation of ion production rates are given
by Haider et al. [2002] and Vikas [2004]. These methods are
described in section 3. The production rates of seven ions
CO2

+, N2
+, Ar+, O2

+, CO+, O+ and H2O
+ are calculated by

using these methods. The production rates have been used
later in the continuity equation to calculate the ion and
electron densities. Because of the fact that transport time is
several orders of magnitude higher than chemical life
time, we have neglected transport of ions in the present
calculation.
[5] The neutral model atmosphere is taken as CO2, N2, N,

Ar, O2, CO, H2O, O3, O, NO, NO2 and HNO3 from various
references [cf. Rodrigo et al., 1990; Nair et al., 1994; Owen
et al., 1977; Haider et al., 2002; Vikas, 2004]. We have
calculated density profiles of 34 ions under steady state
chemical equilibrium condition. The electron density is
calculated using charge neutrality condition. The chemical
reactions and their rate coefficients are taken from Molina-
Cuberos et al. [2002] and Haider et al. [2006]. These
chemical reactions are given in Appendix A, where units
are given in cm6 s�1 for trimolecular reaction and cm�3 s�1

for bimolecular reactions. The reaction rates are given by
one, two or three coefficients A, B, C, which represent A �

(T/300)B � exp(�C/T). The convention is 3.7(�9) = 3.7 �
10�9. Z represents an ion, which is not taken into account.
The temperature is taken from Lopez-Valverde et al. [1998]
and Bougher et al. [1999]. The rate coefficients for most
three body reactions are measured using N2 or O2 as third
body. We follow the convention of Molina-Cuberos et al.
[2002], where CO2 is assumed to have the same efficiency
as O2 or N2.

3. Methodology

3.1. Energy Loss Model

[6] Following Vikas [2004] the basic formula for energy
loss per cm path into the material media by a particle
traveling with the velocity V and undergoing inelastic
collisions is written as:

dE

dh

� �
ion

¼ 2pe4
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I2 1� b2
� �

" #
� b2

( )
ergs=cm ð1Þ
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ffiffiffiffiffiffiffiffiffiffiffiffiffi
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where E is the energy; I is ionization potential; h is the
height; r0 is classical electron radius with 4pr0

2 = 1.00 �
10�24 cm2/electron; b2 = (V/c)2 = 1 � [(E/m0c

2) + 1]�2;
m0c

2 = 0.51 MeV (rest energy of electron); N is the neutral
density; Z is the atomic number and c is the velocity of
light.
[8] Using equation (2), the ion production rate

P(cm�3s�1) at height h and solar zenith angle c is given
below:

p h;cð Þ ¼ 1

Q

Z
E

Z
W

dE=dhð ÞF c;E;Wð ÞdWdE ð3Þ

where Q = 35 eV is the energy required for the formation of
an electron ion pair; c is taken as 105� and F is the total
differential flux of the galactic cosmic rays being expressed
in cm�2 s�1 GeV�1ster�1 at height h and W is the spatial
angle. The flux of galactic cosmic rays is adopted from
O’Brien et al. [1996]. Since the cosmic rays penetrate
isotropically into the atmosphere, equation (3) reduces as
follows:

p h;cð Þ ¼ 2p
Q

Z
dE=dhð ÞF c;Eð ÞdE ð4Þ

3.2. Analytical Yield Spectrum Model

[9] Analytical yield spectrum model is based on Monte
Carlo technique. In this method mono energetic electrons of
different incident energies were introduced in a gas medium
at some pitch angle. This method includes elastic and
inelastic collision between electrons and neutral species,
electron-electron Coulomb collisions and pitch angle and
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finite gyro radius effects of electrons. The scattering due to
electron-ion interaction was neglected. In the simulation the
probabilities were computed for various types of collisions
to occur during an element dS of path length. This path
length is always considerably shorter than mean free path
for elastic collision. A real number between 0 and 1.0 called
from a random generator determined whether a collision
took place or not. If not, the amount of energy lost through
Coulomb losses to the ambient electron was calculated from
Butler-Buckingham formula [Dalgarno et al., 1963] and
was added to the accumulated energy loss. If the collision
with atmospheric gases occurred, a further decision was to
consider whether the collision was elastic or inelastic. For
the elastic collision the scattering angle calculation was
carried out by Porter and Jump [1978]. If the scattering
event is inelastic, then the excited/ionized state is calculated
from Jackman et al. [1977]. It is assumed that electrons are
ejected isotropically. Using this method, the energy of
secondary or tertiary electrons and their positions were
calculated at that time when primary solar wind electrons
ionize the atmospheric constituents. In this way a yield
spectrum function was generated for the calculation of the
yield of any state in the mixture of gases. The function was
fitted analytically later. The yield spectra were presented in
terms of two, three, four and five dimensional functions [cf.
Seth et al., 2002; Haider et al., 2002; Haider et al., 2006;
Seth et al., 2006a, 2006b] We have used three dimensional
yield spectra to calculate the ionization rate due to solar
wind electron impact on Martian atmosphere as given
below:

q hð Þ ¼
Z1
w

dEo

ZE
w

Uc E;Z;Eoð Þr hð Þpi Eð Þf Eoð ÞdE ð5Þ

where i refers to source gas, pi is the ionization probability,
Uc(E, Z, Eo) is the three dimensional composite yield
spectrum approach, r(h) is the mass density and f(Eo) is the
solar wind electron spectra of incident energy Eo observed
by electron reflectometer experiment onboard Mars Global
Surveyor. The value of this energy flux is taken from Seth et
al. [2002].The ionization probability is calculated by

pi Eð Þ ¼ Ci 1� 2�ai

ið Þgi2�ui
i ð6Þ

where 2i = E/Ii, Ii being lowest ionization threshold. The
parameters Ci, ai, gi and ui are taken in equation (6) from
Haider [1999] for Martian gases. Variable Z in equation (5)
is connected with h by following relation

Z hð Þ ¼ 1

R

Z1
0

r hð Þ
cos q

dh ð7Þ

with a mean scale factor R defined by

R ¼ Ro Eo=Eo1000ð Þq þ t ð8Þ

The parameters Ro, t and q in equation (8) are given by
Singhal and Green [1981] and Green and Singhal [1979].

4. Results and Discussion

[10] In Figure 1 we have represented total ion production
rates of seven ions CO2

+, N2
+, Ar+, O2

+, CO+, H2O
+, and O+

due to impact of solar wind electron and galactic cosmic
rays with the atmospheric gases. As expected, solar wind
electron is the major source above 70 km, while the
ionization produced by galactic cosmic rays dominates
below this altitude. The total ion production rates are

Figure 1. Ionization rates of CO2
+, Ar+, N2

+, O2
+, CO+, H2O

+ and O+ due to impact of solar wind electron
and galactic cosmic rays with the atmosphere of Mars at solar zenith angle 105�.
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obtained by adding solar wind electron impact and galactic
cosmic ray ionizations. The production rates of ions Ar+ and
H2O

+ are significantly low above 70 km due to impact of
solar wind electron.
[11] In Figure 2 we present the number density of nine

major positive ions, O2
+, NO+, CO2

+, H3O
+H2O,

H3O
+(H2O)2, H3O

+(H2O)3, H3O
+(H2O)4, O2

+CO2 and
H3O

+. The major ion CO2
+ is produced initially due to

impact of solar wind electron and galactic cosmic rays with
the nighttime atmosphere of Mars. Above 80 km, CO2

+ is
quickly removed by atomic oxygen leading to O2

+ as a
dominant ion. The other major ion NO+ is formed due to
destruction of O2

+ with NO. These ions are entirely
destroyed by dissociative recombination reaction. The peaks
of O2

+ and NO+ are broad and located at altitudes �130 km
and 120 km respectively. In this region, the densities of O2

+

and NO+ are approximately related as [O2
+]a[CO2

+][O]/[Ne]
and [NO+]a[O2

+][NO]/[Ne] respectively, where [CO2
+] and

[Ne] are the ion and electron densities respectively. At
altitude range �60 to 80 km, the ion O2

+CO2 is produced
due to three body reaction, which is fully destroyed by
water vapor in the formation of H3O

+. Below 60 km, nearly
all H3O

+ ions are lost by three body reaction in the
formation of hydrated ions H3O

+(H2O)n, for n = 1, 2, 3
and 4. Once H3O

+H2O ion has been produced, water vapor
molecules are associated into it. We have considered the
reactions of production and loss to form cluster ions up to
four water molecules. In this region the dissociative recom-
bination of H3O

+(H2O)n are always smaller than other loss
processes.
[12] In Figure 3 we present number densities of eight

major negative ions (CO4
�, CO3

�, CO3
�H2O, CO3

�(H2O)2,
NO2

�H2O, NO2
�(H2O)2, NO3

�H2O and NO3
�(H2O)2) and

electron. In the chemistry of negative ions, water cluster

of CO3
� and NO2

� (i.e., CO3
�(H2O)n, NO2

�(H2O)n for n = 1
and 2) are dominant ions below 40 km. Above this altitude
electron plays an important role in the nighttime ionosphere
of Mars. The relative high abundance of oxygen bearing
molecules permits the presence of negative ions in the lower
ionosphere. Initially, negative ions O� and O2

� are produced
through electron capture by ozone and molecular oxygen.
Later CO3

� and CO4
� are produced from three body reactions

O� + CO2 + M ! CO3
� +M and O2

� + CO2 + M ! CO4
� +

M. The ion CO4
� is destroyed by atomic oxygen producing

CO3
� whose peak occurs at about 25 km. The loss of CO3

�

with H2O is the major source of production of CO3
� H2O

and CO3
� (H2O)2, which is entirely destroyed by dissocia-

tion. The ion CO3
� is also destroyed by NO and NO2

forming NO2
� and NO3

� respectively. Later NO2
� and NO3

�

are hydrated by three body reaction with water vapor
producing NO2

� (H2O)n and NO3
� (H2O)n, which are disso-

ciated by neutral collisions. Below 40 km, these reactions
are important for the production of nearly 100% CO3

�

(H2O)2 ion. The ion CO3
� H2O is partially destroyed by

NO to produce second major ion NO2
� H2O. In Figures 2

and 3, we have not plotted the number densities of minor
ions, Ar+, H3O

+HO, CO2
+CO2, CO+, N2

+, NO+CO2,
O2
+(CO2)2, O2

+H2O, O2
+(H2O)2, O4

+, O+, NO2
�, NO3

�, O2
�,

O3
� and O� because of their low values.
[13] Seth et al. [2002] and Haider et al. [2002] have

shown that solar wind electron fluxes measured by electro-
static analyzer experiment carried aboard Mars Global
Surveyor, are of right magnitude to cause the sufficient
impact ionization in the upper ionosphere for the measured
nighttime electron densities. Molina-Cuberos et al. [2002]
have shown that galactic cosmic rays are the major source
of nighttime ionization in the lower ionosphere of Mars. We
have used both sources of ionization in our model to

Figure 2. Positive ion densities of O2
+, NO+, CO2

+, H3O
+H2O, H3O

+(H2O)2, H3O
+(H2O)3, H3O

+(H2O)4,
O2

+CO2 and H3O
+ due to impact of solar wind electron and galactic cosmic rays with the atmosphere of

Mars at solar zenith angle 105�.
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calculate the ion and electron density. It is found that impact
ionization caused by solar wind electron and galactic
cosmic rays produces maximum electron density �5.2 �
103 cm�3 and �100 cm�3 at altitudes 130 km and 30 km
respectively. These results are in good agreement with the
model calculations of Haider et al. [2002] and Molina-

Cuberos et al. [2002] as far as the position and value of
peak electron density are concerned.
[14] In Figure 4, calculated total ion density is compared

with the observations at nearly same areophysical condition.
The nighttime ionosphere has been observed above the
surface of Mars from Mars 4 and Mars 5 on 10 and 18

Figure 3. Negative ion densities of electron, CO4
�, CO3

�, CO3
�H2O, CO3

�(H2O)2, NO2
�H2O,

NO2
�(H2O)2, NO3

�H2O and NO3
� (H2O)2 due to impact of solar wind electron and galactic cosmic

rays with the atmosphere of Mars at solar zenith angle 105�.

Figure 4. Calculated electron density (total negative ion density) profile is represented at solar zenith
angle 105�. The electron densities measured by Mars 4 and Mars 5 at solar zenith angle 106� are also
plotted in this figure.
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February 1974 [Savich and Samovol, 1976]. These obser-
vations were carried out by radio occultation experiment in
spring season at coordinate 38�N 214�W and local time
0430 with solar zenith angle 106� during low solar activity
period. It appears that these measurements contain three
peaks at altitude ranges 180–200 km, 110–130 km and
30–35 km, which were produced by different physical
processes. The first layer at �180–200 km may exist
primarily due to transport of photoelectrons and ions from
the dayside ionosphere, which recombined with the night-
time ionosphere across the terminator [cf. Fox et al., 1993].
The second major peak has observed the electron concen-
tration �5.0 � 103 cm�3, which can not be considered as
the decay of dayside ionosphere. The decrease of electron
concentration after sunset is characterized by the time
constant t = 1/aNo, where No is the value of electron
concentration at the moment of ‘switch off’ the source of
ionization and a = 2.55 � 10�7 cm3 s�1 [Mul and
McGowan, 1979] is the effective recombination coefficient.
If we take least value of No � 104 cm�3 from the top of the
daytime ionosphere [Haider et al., 2006], t is about
400 second. It is obvious that with this value of t, the
ionospheric plasma must have completely disappeared sev-
eral hours after sunset. Thus it is necessary to consider the
presence of an additional source of ionization, not
connected directly with solar radiation to explain the exis-
tence of second peak in the nighttime ionosphere.
[15] We have reproduced this peak due to solar wind

electron impact ionization. This calculation shows good
agreement with the measurement made by Mars 5. However,
the calculated peak height is increased by 20 km from the
observation carried by Mars 4. This difference can be related
to various reasons: (1) If the peak of electron density on
10 February 1974 is caused by more energetic electrons, it
should be located a few tens of kilometers lower than the
calculated peak, (2) A global dust storm could change the
measured peak height by 20–30 km due to heating effects in
lower thermosphere of Mars [Kliore et al.,1973; Martin,
1984; Verigin et al., 1991] and (3) the scale height of the
topside Martian ionosphere is unusually sensitive to the
variations of solar activity. Both of last two effects can lead
to the variation of the density distribution in thermosphere, so
that neutral gas density (CO2 � 109cm�3) corresponding to
the peak ionization rate is at different height during different
observational period.
[16] Each measured profiles show the existence of plasma

at height below 80 km with a small shoulder of electron
density between �1 cm�3 and 2 � 103 cm�3 at altitude
�30 km. This signature is not very prominent and other
published Mars low altitude profiles do not show similar
features [Zhang et al., 1990]. The lower electron peak at
altitude �30 km is not seen in the estimated value of total
ion density because the density of CO3

� (H2O)2 is larger by

several order of magnitudes from electron density in this
altitude region. There has been found that calculated plasma
densities are smaller by factors 5 and 15 than those
measured by Mars 4 and Mars 5 respectively. Our low
values of plasma density could be explained by large
precipitation of galactic cosmic rays in the nighttime iono-
sphere of Mars. The present calculation is made using
galactic cosmic ray population of fluxes 103 to 10�5 particle
m�2 s�1 GeV�1 ster�1 for energy range 1–1000 GeV. We
do not know what fraction of galactic cosmic rays actually
precipitate in the nighttime atmosphere of Mars. Another
reason could be associated with the error of measurements.
The presence of plasma in the lower ionosphere is derived
on the basis of the formal inversion of the set of observa-
tions in symmetrical approximation. During the occultation
measurements, the possible displacement of electron density
due to this error was estimated to be � ±500 cm�3 [Savich
and Samovol, 1976]. This could be an important reason for
difference between calculation and measurement at low
ionospheric region.
[17] The nighttime ionosphere of Earth is divided into D,

E and F regions. The D region is formed at �65–70 km due
to precipitation of galactic cosmic rays. Sporadic E layer
represents maximum ionization at �105–110 km due to
metallic ions. The F peak is produced by the precipitation of
magnetospheric electrons. By analogy to Earth’s iono-
sphere, we suggest that Martian ionosphere consists D and
F layers in the nighttime ionosphere. The chemistry of
meteoric ions (Ca+, Mg+ and Fe+) is not included in our
model. Therefore E layer is not seen in Figure 4. The
preliminary calculations of Pesnell and Grebowsky [2000]
have reported that the metal ion layer exists at about 80 km
in the lower ionosphere of Mars. We have also experimental
evidence for the tentative identification of ion Mg+CO2 in
Thermal Emission Spectrometer data [Aikin and Maguire,
2005]. The calculated and measured peak densities and peak
heights are given in Table 1.

5. Conclusions

[18] In this paper we have calculated production rates,
loss rates, positive ion and negative ion densities between
altitudes 0 km and 220 km due to precipitation of solar wind
electron and galactic cosmic rays in the nighttime iono-
sphere of Mars at solar zenith angle �105�. These calcu-
lations are compared with the occultation measurements
carried by Mars 4 and Mars 5 above the dark surface of
Mars. These observations have detected major peak be-
tween altitudes �110 km and 130 km. They did not detect
clear peak below 80 km. However, a small shoulder is seen
in these measurements at altitude region �15–25 km. The
existence of this plama features needs further experimental
verification. These peaks are represented as F and D layers
similar to that observed in Earth’s ionosphere. The present

Table 1.

Peak Densities Peak Heights

Calculated, cm�3
Measured (Mars 4),

cm�3
Measured (Mars 5),

cm�3
Calculated,

km
Measured (Mars 4),

km
Measured (Mars 5),

km

F peak 5.2 � 103 4.6 � 103 5.0 � 103 �130 110 130
D peak 1.0 � 102 �1.2 � 103 �2.0 � 103 30 �15–20 �25
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Table A1. Chemical Reactions

Positive ions

Ar+ + CO2 ! CO2
+ + Ar 4.20(�10)

Ar+ + N2 ! N2
+ + Ar 2.50(�12)

Ar+ + O2 ! O2
+ + Ar 5.50(�11)

CO2
+ + O ! O+ + CO2 1.00(�10)

CO2
+ + O ! O2

+ + CO 1.64(�10)
CO2

+ + N! NO+ + CO 1.00(�11)
CO2

+ + N! CO+ + NO 1.00(�11)
CO2

+ + NO ! NO++ CO2 1.20(�10)
CO2

+ + CO ! CO+ + CO2 1.90(�12)
CO2

+ + CO2 + M ! CO2
+CO2 + M 2.50(�28)

CO2
+ + O2 ! O2

+ + CO2 1.00(�10)
CO2

+CO2 + O2 ! O2
+ + CO2 + CO2 1.53(�10)

CO2
+CO2 + O2! O2

+CO2 +CO2 2.70(�11)
CO+ + CO2 ! CO2

+ + CO 1.42(�9)
CO+ + O ! CO + O+ 1.40(�10)
CO+ + NO ! CO + NO+ 3.30(�10)
H3O

++ H2O + M ! H3O
+H2O + M 3.40(�27)

H3O
+HO + H2O ! H3O

+H2O + OH 1.40(�9)
H3O

+H2O + H2O + M ! H3O
+(H2O)2+ M 2.30(�27)

H3O
+H2O + M ! H3O

+ + H2O + M 7.00(�26)
H3O

+(H2O)2 + H2O + M ! H3O
+(H2O)3 + M 2.40(�27)

H3O
+(H2O)2 + M ! H3O

+H2O +H2O + M 7.00(�18)
H3O

+(H2O)3 + H2O + M ! H3O
+(H2O)4 + M 9.00(�28)

H3O
+(H2O)3 + M ! H3O

+(H2O)2 + H2O + M 4.00(�14)
H3O

+(H2O)4 + M ! H3O
+(H2O)3 + H2O + M 6.00(�12)

N2
+ + CO ! CO+ + N2 7.40(�11)

N2
+ + CO2 ! CO2

+ + N2 7.70(�10)
N2
+ + O2 ! O2

+ + N2 6.00(�11)
O+ + CO2 ! O2

+ + CO 1.00(�9)
O+ + O2 ! O2

+ + O 2.00 (�11) � (300/T)0.55

O+ + N2 ! NO+ + N 1.20(�12)
O2
+ + CO2 + M ! O2

+CO2 + M 1.70(�29)
O2
+ + H2O + M ! O2

+H2O + M 2.80(�28)
O2
+ + NO ! NO+ + O2 4.40(�10)

O2
+ + O2 + M ! O4

+ + M 1.00(�30)
O2
+ + N ! NO+ + O 1.20(�10)

O2
+CO2 + CO2 ! O2

+ + 2CO2 2.40(�13)
O2
+ + N2 + M! O2

+N2 + M 8.00(�31)
O2
+ + N2 ! NO+ + NO 5.00(�16)

O2
+N2 + H2O ! O2

+H2O + N2 4.00(�9)
O2
+N2 + N2 ! O2

+ + 2N2 2.00(�11)
O2
+N2 + O2 ! O4

+ + N2 5.00(�11)
O2
+CO2 + CO2 + M ! O2

+(CO2)2 + M 5.00(�30)
O2
+CO2 + H2O ! O2

+H2O + CO2 1.00(�9)
O2
+(CO2)2 + H2O ! Z 2.30(�9)

O2
+H2O + H2O ! H3O

+ + HO + O2 2.04(�10)
O2
+H2O + H2O ! H3O

+HO + O2 9.96(�10)
O2
+H2O + H2O + M ! O2

+(H2O)2 + M 1.30(�27)
O2
+(H2O)2 + H2O ! Z 3.24(�10)

O4
+ + CO2 ! O2

+CO2 + O2 4.00(�13)
O4
+ + H2O ! O2

+H2O + O2 1.70(�9)
NO+ + CO2 + M! NO+CO2 + M 1.4(�29) � (300/T)4.0

NO+CO2 + M ! NO+ + CO2+M 3.1(+4) � (T)�4.0 exp(�4590/T)
CO2

+ +e ! CO + O 1.40(�4)/Te
NO+ + e ! N + O 2.30(�7) � (300/Te)0.5

CO+ + e ! C + O 2.00(�7) � (300/Te)0.48

O+ + e ! O 4.00(�12) � (300/T)0.7

H3O
+HO + e ! Neutral 1.50(�6)

H3O
+ + e ! H2 + OH 2.33(�7)

H3O
+ + e ! H + OH + H 2.33(�7)

H3O
+ + e ! H2O + H 2.34(�7)

O2
+H2O + e ! H2O + O2 2.00(�6)

O2
+CO2 + e !O2 + CO2 4.00(�6)

N2
+ + e ! N + N 3.50(�7) � (300/T)0.5

O2
+N2 + e ! O2 + N2 1.95(�7) � (300/T)0.7

O2
+ + e ! O + O 4.20(�7) � (300/T)n 0.37 < n < 0.9

O2
+O2 + e ! O2 + O2 4.20(�6) � (300/T)0.48

H3O
+H2O + e ! Neutral 2.20(�6)

H3O
+(H2O)2 + e ! Neutral 3.80(�6)

H3O
+(H3O)3 + e ! Neutral 4.90(�6)

H3O
+(H3O)4 + e ! Neutral 6.00(�6)

X+ + X- ! Neutral 6.00(�8)
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calculation suggests that solar wind electron produces F
peak at altitude �130 km, while D peak is produced by
galactic cosmic rays at altitude �30 km. The ion density is
not measured in the nighttime ionosphere of Mars. In
absence of these measurements our calculation can be used
as a diagnostic tool for future design of density payloads
and for the subsequent data analysis to confirm the presence
of D region in the lower atmosphere of Mars.

Appendix A

[19] See Table A1.
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